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It is widely recognized that the mechanical parameters for unﬁlled and rough rock joints, such as the
peak shear strength, can vary with scale. However, due to contradictory results concerning the extent
and nature of the scale effect reported in the literature, it is still a debated subject. A conceptual model
developed by Johansson and Stille 2014 suggests how roughness and matedness at different scales in-
ﬂuences the peak shear strength for fresh, rough and unweathered joint. However, the model's ability to
predict how the roughness and matedness affects the peak shear strength at different scales was not
veriﬁed. The aim of this paper is to investigate the ability of the conceptual model to estimate the peak
shear strength at different degrees of matedness and scales. A series of direct shear test were carried out
at two different scales and two different degrees of matedness. The peak shear strength from the tests
was compared to the peak shear strength calculated with the conceptual model. The results showed that
the model can predict the peak shear strength for both the perfectly mated and the unmated joints. No
scale effect was observed in the shear tests, which is in line with the predictions using the model. The
inﬂuence of matedness in combination with scale might explain some of the contradictory ﬁndings
regarding the scale effect.
& 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
It is widely recognized that the mechanical parameters for
unﬁlled and rough rock joints, such as the peak shear strength, can
vary with scale. It is essential to consider this effect in rock me-
chanics design. The ﬁrst comprehensive study of the scale effect of
peak shear strength of joints was made by Pratt et al.1 They per-
formed both laboratory and in-situ shear tests on joints in quartz
diorite, where the joint surface area ranged from approximately
140 cm2 to 5130 cm2, and observed a negative scale effect with
decreasing shear strength for an increasing scale. Barton and
Choubey2 also observed a negative scale effect on the peak shear
strength (decreasing peak shear strength with scale), when they
performed tilt tests on a large block of Drammen granite, 40 cm by
45 cm, which thereafter was divided into 18 smaller blocks, 4.9 cm
by 9.8 cm. In their work, Barton and Choubey2 also introduced a
critical joint length (Lc) when scale no longer affects the peak
shear strength. They further suggest that Lc is related to the natural
block size in the rock mass. This concept of stationarity of a
parameter is frequently used in rock mechanics to deﬁne the limit
of the scale effect, usually called representative length or re-
presentative elementary volume (REV), see e.g. Refs. 3–6.Ltd. This is an open access article uSimilar ﬁndings of a negative scale effect on the peak shear
strength were reported by Bandis et al.,7 who performed shear
tests in an extensive laboratory study on rough joint replicas. The
general opinion about the existence of a negative scale effect ori-
ginates to a large extent from this work. Other studies that have
reported a negative scale effect on the peak shear strength of rock
joints are Muralha and Pinto de Cunha8 and Yoshinaka et al.9
Castelli et al.10 also reported a negative scale effect for low normal
stresses, but reported no scale effect at higher normal stresses.
Hencher et al.11 repeated the work done by Bandis et al.7 but did
not observe any scale effect. A positive scale effect (increasing
strength for an increasing scale) was observed by Kutter and
Otto12 for perfectly matching joints, while a negative scale effect
was observed for poorly matching joints. Both positive and nega-
tive scale effects were also observed in tilt tests by Giani et al.,13
who observed a positive scale effect for gneiss specimens, while a
negative scale effect was observed for the syenite specimens. Due
to these contradictory results, the extent and nature of the scale
effect is still a debated issue.14
The mechanism behind the scale effect for the peak shear
strength of joints is to some extent unclear. The generally accepted
explanation is that the scale effect originates from changes in the
size and number of contact points. Barton and Choubey2 stated
that larger samples have larger individual contact points, which
lead to a reduction in the JCS value, and to less steep asperities innder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Fig. 1. Illustration showing the asperity height, hasp, and their base length, Lasp.
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explanation was also given by Bandis et al.7
Based on the criterion originally proposed by Barton,15 Barton
and Choubey2 proposed the following slightly modiﬁed criterion
for the peak shear strength of rock joints
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where τ is the peak shear strength, sn is the normal stress, JRC is
the joints roughness coefﬁcient, JCS is the joint wall compressive
strength and ϕres is the residual frictional angle. Based on their
previous work, Barton and Bandis16 suggested the following em-
pirically derived corrections to the JCS and JRC values to take scale
into account:
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where the subscripts (0) and (n) correspond to laboratory and in-
situ scale, respectively; JRCn is the joint roughness coefﬁcient of
the rock block being sheared in-situ and JRC0 is the joint roughness
coefﬁcient of the laboratory sample, JCSn is the joint wall com-
pressive strength of the rock block being sheared in-situ and JCS0
is the joint wall compressive strength of the laboratory sample, Ln
is the length of the rock blocks along the joint being sheared in-
situ (in principle corresponding to the critical length Lc) and L0 is
the length of the laboratory sample.
As discussed by Kutter and Otto,12 Zhao,17 and Leal-Gomez,18
the combined effect of both roughness and matedness affects a
potential scale effect, since the degree of matedness affects the
size and number of the contact points. Johansson and Stille19
proposed a conceptual model, which explains how roughness and
matedness interact to form the peak shear strength of fresh, un-
ﬁlled, and rough joints at different scales. However, in their paper,
only the model's ability to capture the peak shear strength for
perfectly mated samples with a scale of 140 mm by 140 mm was
veriﬁed, based on data from quantitative surface roughness de-
scriptions and shear tests performed by Grasselli.20 The model's
ability to predict how the combined effect of roughness, scale and
matedness affects the peak shear strength at different scales and
different degrees of matedness was not veriﬁed. In the present
work, the model's predictability is investigated by performing a
series of direct shear tests under constant normal load at two
different scales and two different degrees of matedness, where the
results are compared against the results obtained by the model
proposed by Johansson and Stille.19 Hence, the aim of this paper is
to investigate the ability of the conceptual model to predict the
peak shear strength for fresh, unﬁlled, and rough rock joints at
different scales and matedness. In the test series, for each sample
size and degree of matedness, three shear tests are performed
resulting in a total of twelve tests. This amount of tests was con-
sidered sufﬁcient to investigate the predictability of the con-
ceptual model from a Bayesian point of view, even though it will
not generate sufﬁcient data for a comprehensive statistical
analysis.
The paper begins with a short description of the conceptual
model,19 followed by a description of the methodology applied in
the study. Based on parameters for quantitative surface description
derived from optical scanning, the peak shear strength of the
samples is predicted using the conceptual model. This is then
followed by a presentation of the results from the shear tests. Acomparison is then made between the calculated and measured
peak shear strengths and the results are discussed. Lastly, there is
a discussion of how different parameters such as roughness and
matedness may contribute to the scale effect.2. Conceptual model
2.1. Theory
The conceptual model developed by Johansson and Stille19 is
based on the adhesion theory of friction, and on a theoretical
description of when different failure modes occur for single as-
perities. In addition, the model is based on an idealized description
of surface roughness, originating from fractal theory, and of how
the size of the contact points changes as a function of scale and
matedness and how the dilation angle changes at grain scale. This
grain scale represents a micro-roughness. The grain scale should
not however be confused with the actual size of the mineral grains
but rather seen as the micro-roughness of the grains. The model is
written as
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where ϕp is the peak friction angle, ϕb is the basic friction angle
for a dry and sawn surface, in and ig are the dilation angle at grain
scale and sample scale, respectively, θ*max is the maximum mea-
sured inclination angle of the asperities against the shear direc-
tion, C is a roughness parameter and Ao is the normalized area of
the surface, corresponding to an angular threshold of 0° against
the shear direction21 – the three aforementioned parameters that
describe surface roughness are determined at a resolution asso-
ciated with grain scale, Lg; σ ′n is the effective normal stress, sci is
the uniaxial compressive strength of the joint surface, Ln is the
length of the sample and H is the Hurst exponent. k is a constant
describing the inﬂuence of matedness and varies from 0 for a
perfectly mated joint to 1 for a maximally unmated joint.
How a shear deformation, u, affects k and in turn the peak
shear strength has been described by Johansson and Stille.19
However, this was based on an assumption that the asperity base
length at contact, Lasp,n, was directly associated with u, which is
not completely accurate. Due to the idealized shape of the aspe-
rities illustrated in Fig. 1, a more accurate assumption is that u is
associated with Lasp,n/2. The equation for k has therefore been
slightly modiﬁed to:
Fig. 2. Example of possible behavior of a fresh unweathered joint with different k
and with ϕb¼30°, in¼35° and H¼0.8.
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For a perfectly mated sample, Eq. (7) implies that Lasp,n¼Lg
which gives that the peak shear strength occurs at u¼Lg/2 and
k¼0. With an increasing u during a shear test, after the peak value
has been reached, kwill continuously increase, which will result in
a continuously decreasing in.
On the other hand, for an unmated sample with an initial re-
lative shear deformation, ui, between the upper and lower parts of
the joint surfaces of the sample before the shear test begins, the
peak shear strength occurs after an additional shear deformation,
Δu, that is observable in the shear test prior to the peak shear
strength. In other words, u¼uiþΔu. Due to the assumed asso-
ciation between u and Lasp,n/2, an initial relative displacement ui
will mobilize an Lasp,n¼2ui. This implies that for the peak shear
strength to be mobilized, Δu must equal ui. For an unmated
sample with an initial relative displacement ui, the peak shear
strength therefore occurs at u¼2ui. It should be noted that this
relationship is only valid when uiZLg. For uioLg, the total de-
formation u¼Lg/2. This implies that the peak shear strength for an
unmated sample with an initial relative displacement occurs at a
higher value of k and a lower value of in, than for the perfectly
mated sample.
2.2. Implications for the peak shear strength at different sample sizes
and degrees of matedness
The peak shear strength can be seen as the result from a mean
value driven process, which means that the physical outcome can
be regarded as a sum of contributions from each contact point.
Under a constant normal stress and the same degree of roughness,
this will give that the mean value of the peak shear strength of
many tested samples will be constant and independent with the
length of the tested samples if the size of the mobilized asperities
is the same. This is the case for fresh, unﬁlled and rough joints that
are perfectly mated (k¼0), where the contact points at peak shear
strength could be assumed to be associated with a grain scale.19
For fresh, unﬁlled and rough joints it is also reasonable to assume
that the contact area could be equal to the ratio between normal
stress and the uniaxial compressive strength of the joint surface. If
the matedness is reduced for such joints and the number of con-
tact points reduces, the size of the mobilized asperities increases
since the contact area is assumed constant. This will result in a
reduction in the mean value of the peak shear strength due to the
reduced inclination of the larger asperities as suggested by Refs.
2,7. Is the size of the mobilized asperities for poorly mated joints
the same at different scales, the peak shear strength will be con-
stant and independent of scale. On the other hand, if the mobilized
asperities for poorly mated joints increase with scale, a scale de-
pendent reduction in the mean value of the peak shear strength
will be observed. This means that the peak shear strength cannot
be deﬁned for fresh, unweathered and rough joints without de-
ﬁning the degree of matedness.
The inﬂuence from matedness are illustrated in Fig. 2, which
shows an example of how the peak shear strength, calculated with
the conceptual model, varies at different scales for different de-
grees of matedness (values of k), where ϕb¼30°, in¼35° and
H¼0.8. As shown in the ﬁgure, for perfectly mated joints (k¼0)
the asperities at grain scale will be mobilized at peak and constant
peak shear strength could be expected at all sample sizes. In this
case, no Lc is expected to exist. On the other hand, if the joint were
maximally unmated (k¼1), the peak shear strength would follow
the scale dependence of the roughness. This curve shows that an
almost constant value of the peak shear strength, i.e. Lc, is reachedat approximately 400 mm in this example. Even though it is only
an example, the values in the example is realistic and illustrates
that the suggestions by Barton and Choubey2 and Bandis et al.7 to
use the block length to take into account the scale effects most
likely is sufﬁcient. This also means, according to the conceptual
model, that Lc cannot be deﬁned without knowing the degree of
matedness of the samples.
It should be observed that a maximally unmated joint accord-
ing to Ref. 19, i.e. k¼1, corresponds to a different initial relative
shear displacement between the upper and lower part of the joint
for each sample size. On the other hand, if the same initial relative
displacement occurs for samples of different sizes, as for the
samples later tested in this study, different values of k will be the
result for each sample size. In this case, the same peak shear
strength will be obtained since the same order of asperities will be
mobilized. This has been illustrated in the example in Fig. 2 with a
dashed line that represents the constant peak friction angle for a
sample with an initial relative shear displacement of 5 mm at
different sample sizes. Also in this case, no Lc exists.3. General methodology
To investigate the ability of the conceptual model devised by
Johansson and Stille19 to predict the peak shear strength for fresh,
unﬁlled, and rough rock joints at different scales and degrees of
matedness, a series of direct shear tests were conducted under
constant normal loading conditions.
According to the conceptual model, no scale effect should be
observed for perfectly mated joints as previously discussed in
Section 2.2. Furthermore, joints with constant initial relative shear
deformation before the shear tests begin should have decreased
peak shear strength due to the reduced matedness without any
observed scale effect, since the same order of asperity at contact
will be mobilized for different sample sizes. To investigate whe-
ther these statements are correct, a series of shear test were per-
formed, six measuring 60 mm by 60 mm and six measuring
200 mm by 200 mm. For each sample size, three tests were per-
formed with a perfect matedness between the upper and lower
parts of the joint surface and three tests were performed with an
initial relative shear displacement of 5 mm between the upper and
lower parts of the joint surface.
The general methodology is summarized in the following
points: (1) obtaining joint samples with a fresh, unweathered and
rough surface through tensile-induced splitting of intact rock
samples of granite from the quarry, (2) optical scanning of the
F. Johansson / International Journal of Rock Mechanics & Mining Sciences 82 (2016) 36–47 39joint surfaces, (3) estimation of the peak shear strength for the
samples using the conceptual model,19 (4) performing shear tests,
(5) comparing the calculated and measured peak shear strength.
Each point above is further described in the following chapters.4. Optical scanning of surface roughness
4.1. Test samples
The intact rock samples came from the Flivik quarry in Sweden.
The samples were made of an average- to coarse-grained granite.
To obtain a fresh, unweathered and rough joint with perfect
matedness, the intact rock samples were split as shown in Fig. 3.
In all, ﬁfteen samples were manufactured. Nine measured
60 mm by 60 mm and six measured 200 mm by 200 mm. Three of
the 60 mm by 60 mm samples were made by sawing to obtain a
smooth surface for derivation of ϕb. The remaining six samples
were used to create tensile-induced joints with a fresh, un-
weathered surface. The six 200 mm by 200 mm samples were also
used to create tensile-induced fresh, unﬁlled, and rough joints. The
length and width of the samples, together with surface type and
initial relative displacement between the upper and lower parts of
the samples, are shown in Table 1.
4.2. Procedure for optical scanning
The optical scanning was performed with the ATOS III system.
To obtain a scanning that covered the entire surface, several in-
dividual measurements were taken from different angles. The re-
solution of the scanned surfaces in the present study is approxi-
mately 120–140 μm for the smaller samples and 330–440 μm for
the larger ones. Before the scanning was performed, circular re-
ference points were attached to the samples. The scanning was
then performed for the upper and lower surfaces of each sample.
The upper and lower parts were then put together and scanning
performed again. Applying this methodology made it possible to
arrange the measurement points in a global coordinate system.
Calculation of the peak shear strength using the conceptual
model requires information about the asperity scaling parameter,
H, and the three parameters that quantitatively describe surface
roughness at grain scale: θ*max, C and A0. To obtain these para-
meters, data from the optical scanning was used to re-generate the
joint surfaces with a resolution of 0.5 mm by 0.5 mm. This re-
solution was assumed to be good enough to measure Lg. The re-Fig. 3. Split test sample with a tensile-induced joint. The inner, undisturbed, part of
the sample constitutes the ﬁnal sample.generation of the joint surface and additional analyses of the data
were performed using the MATLAB22 program. Based on the re-
generated joint surfaces, the parameters that quantitatively de-
scribe the roughness of the upper and lower joint surfaces of the
sample were determined with the following methodology: ﬁrst,
normal vectors ni were calculated for each element i in the 0.5 mm
by 0.5 mm grid, and the shear direction was deﬁned by the vector
t. The apparent dip angle against the shear direction, θ*i , was then
calculated for each element with Eq. (8).
θ( − *) =
⋅
⋅ ( )
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n t
n t 8
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i
i
4.3. Parameters describing surface roughness
Measured values of θ* at a resolution of 0.5 mm by 0.5 mm for
sample 15 are shown in Fig. 4. After the values for θ*i had been
calculated, they were sorted in descending order and arranged in a
vector. The sum of these areas in relation to the total sample area
contains the values of the potential contact area ratio, Ac, of the
joint surface and was plotted on the y-axis. Data from this curve
was used for regression analyses in order to determine Ao, C, and
θ*max. The measured relationship between θ* and Ac for sample 15 is
shown in Fig. 5. The curve obtained from regression analyses
is also presented in the ﬁgure. A more detailed description of
how to determine these parameters can be found in Tatone and
Grasselli.21 The results from the regression analyses are presented
in Tables 2 and 3 for the 60 mm by 60 mm and 200 mm by
200 mm samples, respectively.
The scaling relationship between the height of the asperities,
hasp, and their base length, Lasp, were determined by calculating
the parameter Z2 for different sampling distances, Δx, over the
sample in the shear direction. hasp and Lasp are deﬁned according
to Fig. 1. The parameter Z2 represents the root mean square of the
ﬁrst derivative of the height of a 2D sample and is deﬁned as23
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where N is the number of coordinate pairs over a proﬁle length L;
(xi, yi) and (xiþ1,yiþ1) respectively represent adjacent coordinates
separated by a constant distance Δx.
Δx varied from 0.5 mm to 8 mm for the 60 mm samples and
from 0.5 mm to 16 mm for the 200 mm samples. The results from
these calculations for sample 15 are shown in Table 4. Based on the
results in Table 4, constants a* and H were determined. These
constants describe the scale relationship between hasp and Lasp as:
⎛
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The constants were determined through regression analyses.
Results for sample 15 are shown in Fig. 6. A summary of the re-
gression analyses for constants a* and H for all samples is shown
in Table 5.5. Calculation of peak shear strength
Based on the data from quantitative measurements of joint
surface roughness for all samples, the peak friction angle was
calculated with the conceptual model, Eqs. (4)–(6).
The following input data was used in the calculations: ϕb was
determined to 31° based on shear test on the three sawn 60 mm
by 60 mm samples; σ ′n¼1 MPa for all samples; sci was estimated
using the Schmidt rebound index, as suggested by Barton and
Table 1
Size and type of samples including initial displacement in shear tests.
Sample Width (mm) Length (mm) Area (cm2) Type of surface Initial displacement (mm)
A 60 60 36 Sawn 0
B 60 61 37 Sawn 0
C 60 60 36 Sawn 0
1 61 61 37 Tensile-induced 0
2 60 61 37 Tensile-induced 0
3 59 61 36 Tensile-induced 0
4 60 61 37 Tensile-induced 5
5 60 60 36 Tensile-induced 5
6 60 61 37 Tensile-induced 5
10 201 202 406 Tensile-induced 5
11 201 201 404 Tensile-induced 5
12 200 200 400 Tensile-induced 0
13 202 201 406 Tensile-induced 5
14 200 200 400 Tensile-induced 0
15 200 201 402 Tensile-induced 0
Fig. 4. Measured dip angles against shear direction, θ*, for the lower part of sample
15.
Fig. 5. Measured relationship between Ac and θ* for sample 15 compared against
curve obtained from regression analyses.
F. Johansson / International Journal of Rock Mechanics & Mining Sciences 82 (2016) 36–4740Choubey,2 which resulted in a value of 125 MPa; average values for
θ*max, C, and A0, respectively, were taken from Tables 2 and 3. Va-
lues for H were taken from Table 5. k¼0 for the samples that were
perfectly mated and for the samples with ui¼5 mm, k¼0.732 and
0.565 at peak shear strength for the 60 mm and 200 mm samples,
respectively.
The results show that the perfectly mated samples havecalculated values of the peak friction angles between 66.4° and
69.8° (see Table 6). There is no signiﬁcant difference in peak shear
strength between the 60 mm by 60 mm samples and the 200 mm
by 200 mm samples. The samples with a poor matedness, due to
an initial displacement of 5 mm, have calculated values of peak
friction angles between 50.3° and 53.9°. The same tendency is seen
here; no signiﬁcant difference in peak shear strength between the
two sample sizes is observed.6. Shear testing
6.1. Methodology and test set-up
The shear tests were divided into four different groups with
three tests in each group: (1) 60 mm by 60 mm with perfect
matedness, (2) 60 mm by 60 mm with an initial displacement of
5 mm, (3) 200 mm by 200 mm with perfect matedness, and
(4) 200 mm by 200 mm with 5 mm initial displacement.
The 60 mm by 60 mm samples were sheared at the SP Tech-
nical Research Institute of Sweden, and the shear tests of size
200 mm by 200 mmwere tested at Luleå University of Technology
(LTU). Both of the direct-shear machines are stiff, servo-controlled,
and have the capacity to perform shear tests according to the
method suggested by the ISRM.24 The shear machine at SP has a
normal and shear capacity of 300 kN and the machine at LTU has a
capacity of 500 kN. There is an uncertainty related to using two
different machines for the shear testing. However, both labora-
tories use sensitive and calibrated equipment to measure both
loads and deformations.
Prior to the shear testing, the samples were placed in the shear
machine so that perfect matedness was obtained between the
upper and lower parts of the samples. For those samples that were
sheared with a poor matedness, the upper part of the sample was
lifted and displaced 5 mm. The upper part was then lowered and a
normal stress of 1 MPa applied.
The normal and shear loads were continuously monitored
during the tests. The loads were measured with load cells and the
normal and shear displacements were measured with LVDTs. The
shear displacement, δs, was measured with one LVDT. In the nor-
mal direction, the displacements, δn, were measured with four
LVDTs, one at each corner of the sample. The values of these gave
the mean measured displacement in the normal direction, Δδn.
The dilation angle, i, was calculated from
⎛
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Table 2
Values of Ao, C, and θ*max obtained through regression analyses for samples measuring 60 mm by 60 mm.
Sample Ao (dimensionless) C (dimensionless) θmax (deg) r2 (dimensionless)
1 lower part 0.533 3.874 48.07 0.984
1 upper part 0.528 3.276 53.80 0.970
Average 0.531 3.575 50.94 0.977
2 lower part 0.553 4.342 55.48 0.998
2 upper part 0.543 3.745 52.41 0.997
Average 0.548 4.044 53.95 0.997
3 lower part 0.404 3.056 44.49 0.977
3 upper part 0.388 3.330 50.16 0.960
Average 0.396 3.193 47.33 0.968
4 lower part 0.582 4.154 64.28 0.964
4 upper part 0.610 2.861 46.07 0.990
Average 0.596 3.508 55.18 0.977
5 lower part 0.490 3.255 49.38 0.994
5 upper part 0.469 3.067 49.21 0.990
Average 0.480 3.161 49.30 0.992
6 lower part 0.497 2.837 49.10 0.982
6 upper part 0.468 2.803 50.28 0.964
Average 0.483 2.820 49.69 0.973
F. Johansson / International Journal of Rock Mechanics & Mining Sciences 82 (2016) 36–47 41where Δδs is a constant increment in the shear direction of
0.1 mm. The shear velocity was set to 0.1 mm/min and the shear
tests continued until the shear displacement was 5 mm. During
the shear tests, a reduction in the total contact area occurred,
which was taken into account by continuously updating it.
6.2. Results
Normally, the results of direct shear tests are presented using
shear stress versus shear displacement and normal displacementTable 3
Values of Ao, C, and θ*max obtained through regression analyses for samples measuring
Sample Ao (dimensionless) C (dimen
10 lower part 0.500 5.772
10 upper part 0.482 4.900
Average 0.491 5.336
11 lower part 0.532 5.492
11 upper part 0.492 4.300
Average 0.512 4.896
12 lower part 0.562 4.528
12 upper part 0.533 4.052
Average 0.548 4.290
13 lower part 0.523 4.248
13 upper part 0.506 3.752
Average 0.515 4.000
14 lower part 0.520 3.913
14 upper part 0.516 3.923
Average 0.518 3.918
15 lower part 0.587 4.123
15 upper part 0.575 4.340
Average 0.581 4.232versus shear displacement diagrams. However, since the con-
ceptual model19 expresses ϕp in degrees, the results from the
shear tests performed in this study have been presented using
mobilized friction angle versus shear displacement instead.
The results in Table 7 show that the six perfectly mated sam-
ples, both for the 60 mm scale and the 200 mm scale, have fairly
equal mobilized ϕp ranging between 64.6° and 69.2°. No scale
effect is observed between the two sample lengths, which is in line
with expectations of equal peak shear strength at both of the
tested sample sizes.200 mm by 200 mm.
sionless) θmax (deg) r2 (dimensionless)
62.50 0.995
56.02 0.997
59.26 0.996
67.11 0.990
55.96 0.975
61.54 0.983
60.27 0.995
57.33 0.990
58.80 0.993
56.36 0.996
52.45 0.990
54.41 0.993
54.47 0.993
54.39 0.995
54.43 0.994
52.54 0.984
55.83 0.988
54.19 0.986
Table 4
Measured average hasp for different Lasp for sample 15.
Lower part of sample 15 Upper part of sample 15
Δx (mm) Lasp (mm) Z2 (dimensionless) Inclination angle, i (deg) hasp (mm) Lasp (mm) Z2 (dimensionless) Inclination angle (deg) hasp (mm)
0,5 1 0.298 16.589 0.149 1 0.330 18.247 0.165
1 2 0.288 16.077 0.288 2 0.319 17.667 0.319
2 4 0.269 15.040 0.537 4 0.297 16.520 0.593
4 8 0.238 13.409 0.954 8 0.263 14.735 1.052
8 16 0.204 11.508 1.629 16 0.221 12.473 1.770
16 32 0.169 9.576 2.699 32 0.178 10.104 2.851
Fig. 6. Measured average heights of asperities for different asperity base lengths for
sample 15 with corresponding regression lines.
Table 5
Summary of mean values for a* and H from upper and lower parts for all samples.
Sample a* (mm) H (dimensionless) r2 (dimensionless)
1 0.098 0.742 0.998
2 0.091 0.789 0.998
3 0.090 0.818 0.999
4 0.101 0.783 0.998
5 0.102 0.809 0.999
6 0.089 0.744 0.996
10 0.093 0.808 0.995
11 0.088 0.800 0.994
12 0.087 0.811 0.996
13 0.083 0.829 0.998
14 0.086 0.823 0.997
15 0.095 0.829 0.997
Table 6
Calculated values of the peak shear strength of the joint samples using the con-
ceptual model.19
Sample ϕp (deg)
60 mm by
60 mm
Sample ϕp (deg) 200 mm
by 200 mm
Perfectly mated 1 66.2 12 67.8
2 66.0 14 66.7
3 64.4 15 65.5
5 mm initial
displacement
4 53.9 10 50.3
5 53.1 11 52.2
6 51.0 13 53.9
Table 7
Measured values of the peak friction angle in the shear tests.
Sample ϕp (deg)
60 mm by
60 mm
Sample ϕp (deg) 200 mm
by 200 mm
Perfectly mated 1 65.0 12 67.6
2 68.7 14 69.2
3 66.1 15 64.6
5 mm initial
displacement
4 49.8 10 47.7
5 48.9 11 47.7
6 39.9 13 53.1
Fig. 7. Mobilized friction angle and dilation angle for sample 1 measuring 60 mm
by 60 mm with perfect matedness.
F. Johansson / International Journal of Rock Mechanics & Mining Sciences 82 (2016) 36–4742Measured mobilized friction angles and dilation angles for a
perfectly mated sample measuring 60 mm by 60 mm and 200 mm
by 200 mm are shown in Figs. 7 and 8, respectively. It can be seenthat ϕp for both samples occurs at an average δs of 0.3 mm and
0.4 mm. This conﬁrms that it is the small-scale roughness at grain
scale that contributes to ϕp in both samples. In Figs. 7 and 8, the
measured dilation angle at peak shear strength is 35° and 32°,
respectively. As expected, ϕp is pronounced, with a clear peak
followed by a reduction with increased δs. This reduction might be
explained by a transition in the size and number of the contact
points, with fewer and larger contact points at an increased shear
deformation.
The results in Table 7 for the six samples with poorer mated-
ness show that ϕp is lower with values ranging between 47.7° and
53.1° for ﬁve of the samples. One of the samples in the 60 mm
scale, sample 6, had a lower value of 39.9°. The mean value of all
three tests in the 60 mm scale is 46.2°, while it is equal to 49.5° for
the three tests in the 200 mm scale. This suggests a positive scale
effect, with increasing shear strength at increasing scale; however,
Fig. 8. Mobilized friction angle and dilation angle for sample 12 measuring
200 mm by 200 mm with perfect matedness.
Fig. 10. Mobilized friction angle and dilation angle for sample 10 measuring
200 mm by 200 mm with poor matedness (5 mm initial relative displacement).
F. Johansson / International Journal of Rock Mechanics & Mining Sciences 82 (2016) 36–47 43the difference between the two scales originates to a large extent
from sample 6. If this sample is omitted, the mean value is 49.4°
for the 60 mm scale, which is almost equal to the mean value for
the 200 mm scale. Also note that the statistical uncertainty con-
cerning the mean value is relatively large with only three tests.
Consequently, no clear scale effect can be found in the results for
the two different sample sizes. With the exception of the low value
for sample 6, these results are also in line with expectations of
equal peak shear strength at both of the tested sample sizes.
Measured mobilized friction angles for a sample measuring
60 mm by 60 mm and 200 mm by 200 mm with an initial dis-
placement of 5 mm are shown in Figs. 9 and 10, respectively. ϕp
for the 60 mm and the 200 mm samples was less pronounced than
for the perfectly mated samples; there was no clear peak. ϕp for
the samples presented in Figs. 9 and 10 occurred at 2.8 mm and
4.8 mm for the 60 mm and 200 mm samples, respectively. With an
initial displacement of 5 mm, this corresponds to a total shear
displacement at peak equal to 7.8 mm and 9.8 mm respectively,
which is close to the predicted value of 10 mmwith the conceptual
model. Also, that ϕp for the unmated samples occurs at a δs ofFig. 9. Mobilized friction angle and dilation angle for sample 4 measuring 60 mm
by 60 mm with poor matedness (5 mm initial relative displacement).several millimeters suggests that the asperities at contact are lar-
ger compared to those of the perfectly mated samples, with less
steep inclination angles. The measured dilation angles in both
tests are just above 10°.
Note that only four of the shear tests are presented in Figs. 7–
10. The other tests gave similar results and these ﬁgures are
therefore omitted.7. Discussion
7.1. Comparison between calculated and measured peak shear
strength
In this paper, the ability of the conceptual model19 to predict
the peak friction angle at different scales and degrees of mated-
ness has been investigated. A comparison was made between va-
lues of ϕp calculated with the conceptual model (Table 6) and
those obtained from the shear tests (Table 7). The comparison
shows good agreement for the perfectly mated samples (see
Fig. 11). However, for the samples with poor matedness, the
agreement is less good. The values calculated with the conceptual
model are approximately 1–5° lower for ﬁve samples and 11°Fig. 11. Comparison between calculated peak friction angle with the conceptual
model20 and peak friction angles measured in shear tests.
Fig. 12. Comparison between calculated peak friction angle with the conceptual
model20 and peak friction angles measured in shear tests using Lg¼0.5 mm and
ϕb¼equal to 31°.
F. Johansson / International Journal of Rock Mechanics & Mining Sciences 82 (2016) 36–4744lower for one sample.
One possible reason for this discrepancy is that an Lg¼1 mm
was used. This value was chosen since a higher resolution was not
obtained by optical scanning. However, it would have been pre-
ferable to use a lower value since the average measured shear
deformation at peak shear strength in the perfectly mated shear
tests was 0.25 mm, which corresponds to an Lg¼0.5 mm. The re-
sults where k was instead calculated with an assumed value of Lg
equal to 0.5 mm are shown in Fig. 12; these values give better
agreement for the unmated samples. The agreement indicates that
the optical scanning should be performed with a resolution
smaller than or at least equal to the shear deformation at ϕp for aFig. 13. Sensitivity analyses of the roughness parameters A0, C, θ*max and Hperfectly mated sample. By doing so, Lg can be chosen based on
the measured shear displacements at peak in the shear test of
perfectly mated samples, with Lg¼δs,peak·2. A limitation of the
results in Fig. 12 is that they are calculated with parameters de-
scribing surface roughness based on a resolution of 0.5 by 0.5 mm.
Nevertheless, the results in Fig. 12 show the principal inﬂuence on
ϕp from a change in k due to a decreased value of Lg.
Even though the agreement is better with Lg equal to 0.5 mm, it
could still be observed that sample 6 has a predicted ϕp that is
approximately 8° higher than the measured one. As previously
mentioned, the reason for this discrepancy is not clear. However, a
visual examination of the joint surface revealed that the surface to
some extent did not have the same pronounced maximum large
scale asperities or waviness that could be seen on other samples.
Instead, the maximum asperities on the sample were smaller with
lower i. This may indicate that the estimated H does not generate a
representative asperity that is actually mobilized at the 5 mm in-
itial displacement for this particular sample. If the two maximum
sampling distances for sample 6 are used to determine H, this
gives a value equal to 0.6, which is lower than the initial value of
0.744. However, it should be noted that this value of H is only
representative for the larger asperities on the sample.
To study the inﬂuence of H on ϕp, a sensitivity study was
performed (see Fig. 13). It could be seen that H¼0.6 reduces ϕp
with approximately 6°; almost equal to the discrepancy of 8°. This
indicates that it may be important to verify that a good correlation
for H exists for all sampling distances, especially for the range of
asperities expected to be mobilized during shear. According to the
r2 value in Table 5, the correlation was in general good with a value
of 0.996 for this sample. However, for the maximum sampling
distance the Z2 value was lower than indicated by the regression
analyses used to determine H, indicating the reduced inclination of
the large-scale asperities on the sample.on the peak shear strength calculated with the conceptual model 20.
Fig. 14. Measured peak friction angles in shear tests at two different sample sizes
and two degrees of matedness.
F. Johansson / International Journal of Rock Mechanics & Mining Sciences 82 (2016) 36–47 45For completeness, a sensitivity study was also performed for
the other parameters describing surface roughness for sample 6,
A0, C and θ*max (see Fig. 13). The intervals of the parameters were
based on the maximum and minimum values for all samples in
Tables 2 and 3. The study shows that A0 has only a small inﬂuence
on ϕp with a slight increase of approximately 1° as A0 increases
from 0.4 to 0.6. The parameter C on the other hand has a larger
inﬂuence, where ϕp decreases from 50.5 to 42.8 when C increases
from 2.8 to 5.8. For the ﬁnal parameter in the sensitivity study,
θ*max, it can be seen that ϕp in principle increases proportional to
the increase in θ*max. It could be noted, for example, that if C had
been higher, a calculated value closer to the one predicted would
have been achieved. However, since the parameters A0, C and θ*max
are the result of a regression analysis, they are interconnected;
changing one parameter will inﬂuence the others. It is therefore
unclear to what extent an error in the determination of these
parameters contributes to the discrepancy observed between
measured and calculated values for sample 6.
In the comparison between measured and calculated peak
shear strength, it is also of interest to discuss what the measured i
in the shear tests represents since it is dependent on the chosen
value ofΔδs in Eq. (11). As observed in Figs. 9 and 10 the measured
dilation angle seems to be lower than the one calculated with the
conceptual model. Since the calculated peak friction angle in
principle agrees with the measured one, this could indicate the
existence of an asperity failure component in the test samples. In
addition, this also opens up for a discussion of how the ϕp should
be divided into separate components, and what ϕb actually re-
presents. Bruce et al.25 observed that the friction angle for po-
lished plates was 12° for quartzite and 16° for dolostone. They
theorized that ϕb consists of the sum of the friction angle for the
mineral,ϕm, and the contribution from roughness at a micro-scale.
They suggested that the surface should be roughened with a No.
80 grit to obtain reasonable values of ϕb. When they did so, ϕb was
measured at 30.8° for the quartzite and 34.2° for the dolostone.
Roughnesses measured on similarly prepared plates showed that
the CLA (Center Line Average) was 200 μm for the quartzite and
150 μm for the dolostone after having been roughened with No. 80
grit. It is worth noting that the values of the CLA are in the same
range as Δδs, which was 100 μm when the dilation angle was
evaluated. This suggests that it is necessary for the roughness in
micro-scale of the sawn samples, used to determine ϕb, to be of
the same magnitude as Δδs in the evaluation of the shear tests. If
not, the sum of ϕb and i may be either higher or lower than ϕp,
even if no asperity failure component is present. In addition, the
point spacing in optical scanning, used to describe surface
roughness and calculate ϕp with the conceptual model,19 probably
needs to be of the same distance. Further work is required to
conﬁrm this.
7.2. Scale effect and the inﬂuence of matedness
In the results from the performed shear tests, several inter-
esting observations were made concerning the scale effect and
how the peak shear strength of fresh, unweathered joints is in-
ﬂuenced by matedness. No scale effect was observed in the shear
tests, neither for the samples with perfect matedness, nor for
partly unmated samples (see Fig. 14). In the ﬁgure, a correction for
scale according to Eqs. (2) and (3), proposed by Barton and
Bandis,16 was included for comparison. The curve is based on a
peak friction angle of 66° at 60 mm scale, with ϕb¼31°, and the
contribution from roughness equal to 35°.
The results from the shear tests also support that no Lc exists
for the perfectly mated samples or for the poorly mated samples
with an initial constant shear displacement. It could also be ob-
served that the proposed scale correction by Barton and Bandis16predicted by Eqs. (2) and (3) in Fig. 14 nearly corresponds to a
perfectly mated sample (k¼0) for the 60 mm by 60 mm scale and
a poorly mated sample (with kE0.3) for the 200 mm by 200 mm
scale. This further illustrate that a representative length, Lc cannot
be deﬁned for fresh unweathered joints without deﬁning the de-
gree of matedness, as previously discussed in Section 2.2.
Based on these results, it is unclear whether the scale is the
reason for the differences in shear strength – the so-called scale
effect – previously reported in the literature. Is the scale effect, as
observed by e.g. Bandis et al.,7 only dependent on scale or is it a
combined effect of different degrees of matedness and scale, with
poorer matedness at larger scales as suggested by Zhao17? It might
be possible that some of the contradictory ﬁndings concerning the
scale effect originate from this explanation. However, it is difﬁcult
to draw any ﬁrm conclusions since the test performed in this study
was only performed at two sample sizes, 60 mm by 60 mm and
200 mm by 200 mm. It would have been preferably to also include
larger samples up to a possible Lc.
7.3. Estimation of in-situ peak shear strength
The shear tests in the present study were performed in a la-
boratory on samples of fresh and unweathered rock joints mea-
suring 60 mm by 60 mm and 200 mm by 200 mm. However, it is
also important to be able to determine the shear strength of nat-
ural joints in situ. The conceptual model19 uses roughness para-
meters Ao, θ*max, and C determined from optical scanning measured
at a resolution associated with grain scale, and the constant, H,
which describes how the relationship between the height and
length of the asperities changes at different scales. However, the
whole joint surface up to Lc must be scanned at grain scale re-
solution if asperities at larger scales are to be included. It is
doubtful whether the whole joint surface can be included for
natural joints in the rock mass. Visible and larger exposed joint
surfaces might perhaps be able to be scanned, which would gen-
erate feasible intervals for the roughness parameters and enables
measurement of surface roughness at both small and large scale.
However, the required size of the joint surface area needed to
obtain representative values of the roughness in situ is not known.
As discussed earlier, a joint surface area equal to the natural block
size may be sufﬁcient for estimation of peak shear strength.2,7 In
addition, Fardin et al.26,27 observed that roughness is scale-de-
pendent and reached stationarity at sample sizes of 500 mm and
3000 mm for two different joint surfaces, with the higher value for
the rougher surface. This further strengthen the suggestion that
the roughness parameters in the conceptual model19 should be
F. Johansson / International Journal of Rock Mechanics & Mining Sciences 82 (2016) 36–4746derived based on optical scanning of surfaces with a size at least
equal to the natural block size or the threshold of stationarity for
the roughness. More research is needed, however, before values of
the stationarity of the roughness can be given. It is worth noting
that the conceptual model19 was derived for fresh and un-
weathered joints. How the model works for natural joints needs to
be analysed further.
With the measurement techniques available today, it is possible
to scan the roughness of the joint surfaces with point spacings
smaller than 1 mm, covering areas of several square meters.14 By
doing so, both small- and large-scale roughness may be taken into
account with the parameters describing surface roughness as
discussed earlier. However, as also pointed out by Tatone and
Grasselli,14 further research is required to understand how the
shear strength changes with an increase in scale. A feasible way
forward is to perform numerical simulations of shear tests, e.g.
Karami and Stead28 and Tatone and Grasselli.29 A method with
potential for development is numerical calculations with PFC
(Particle Flow Code). The method has been used for numerical
simulations of shear tests on rock joints by Park and Song,30 Asadi
et al.,31 Bahaaddini et al.32,33 and Lazzari et al.34 PFC has also been
used for modeling jointed rock mass behavior, e.g. Mas Ivars
et al.35 However, further development of the method is necessary
before it can be used to calculate the shear strength of natural
joints in situ based on high deﬁnition optical scanning.8. Conclusions
In this paper, the conceptual model proposed by Johansson and
Stille19 was used to calculate the peak shear strength of fresh,
unweathered and rough joints. The calculated values were com-
pared to a series of direct shear tests performed under a constant
normal stress of 1 MPa at two sample sizes, 60 mm by 60 mm and
200 mm by 200 mm, and at two degrees of matedness, i.e. per-
fectly mated and with an initial relative displacement of 5 mm.
The results showed that the model accurately predicts the peak
shear strength of the perfectly mated joints in the present study,
which conﬁrms the conclusion in Ref. 19. For the joints with
poorer matedness, the results agreed with the model's prediction
when Lg was twice the average shear deformation at peak shear
strength measured in the shear tests. This shows that Lg should be
chosen based on measured shear displacements at peak shear
strength for perfectly mated samples of fresh unweathered joints.
As the conceptual model predicted, no scale effect was ob-
served for either the perfectly mated joints or for the joints with
poor matedness due to a constant initial shear displacement of
5 mm. The inﬂuence of matedness in combination with scale
might explain some of the contradictory ﬁndings regarding the
scale effect for the peak shear strength of rock joints that have
previously been reported in the literature. However, the per-
formed tests in this study were only performed at two sample
sizes and further studies are recommended to study this.
In addition, further studies are also recommended to in-
vestigate how differences between micro-roughness of sawn
samples, used to determine ϕb, the constant increment used to
calculate the dilation angle in the shear tests, Δδs, and the point
spacing in optical scanning used to describe surface roughness and
calculate the peak shear strength with the conceptual model,19
affect comparisons between measured and calculated peak shear
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